Purpose. Staphylococcus haemolyticus has emerged as a highly antimicrobial-resistant healthcare-associated pathogen, in particular for patients admitted to neonatal intensive care. The objective of this study was to study the nature of SCCmec types among MDR-SH strains isolated from paediatric patients.
INTRODUCTION
Currently, Staphylococcus haemolyticus (SH) is an emerging cause of nosocomial infections in the immunocompromised host, in particular acting in neonatal intensive care patients with a high mortality rate [1, 2] . It is an opportunistic pathogen engendering various infections, including bacteraemia, prosthetic joint infections, meningitis, skin infections and endocarditis [2, 3] . SH is rated as the most antimicrobial resistant species among coagulase-negative staphylococci (CoNS). This high level of antimicrobial resistance with reduced vancomycin susceptibility among SH strains is reported as highly clinically relevant [1, 3, 4] . The alarming rate of methicillin resistance among SH isolates (MRSH) is challenging in paediatric treatment since the antibiotic regimen for patients is limited [3] [4] [5] [6] .
Typically, clinical relevant resistance to methicillin is defined by the presence of the mecA gene which is embedded in the SCCmec region. This mobile chromosomal resistance island located near the open reading frame is called orfX. SCCmec also harbours a wide variety of genes encoding antimicrobial resistance and/or disinfectants [7] . To date, different SCCmec types have been identified and the classification is based on the composition of the ccr gene complex and the class of the mec gene complex [7] [8] [9] [10] . The mecA gene can be accompanied by two regulatory genes, mecR1 and mecI. The former is a signal transducer protein with a protease domain, which binds to methicillin. The protease activity is then released and will degrade MecI, a mecA repressor protein [7] . This regulatory process stimulates expression of PBP2a, the product of the mecA gene. The mecA gene, its regulatory genes and the insertion sequence elements located downstream of mecA constitute the mec gene complex. The ccr gene complex (types ccrA, ccrB and ccrC) contains genes encoding recombinases responsible for the precise excision and integration of SCCmec within the bacterial chromosome [7] . An extensive genetic diversity of SCCmec elements has been demonstrated in staphylococcal species, especially in CoNS, because of the high diversity of the ccr and mec gene complexes [11] . Although the origin of mecA remains unknown, sequence homology evidence has suggested horizontal transfer of a new SCCmec type from CoNS to methicillinsusceptible S. aureus strains, resulting in the emergence of a new MRSA clone with the potential to result in a potential outbreak [12] . Despite the clinical importance of SH as an opportunistic pathogen in healthcare-associated infections and the possible reservoir of antimicrobial resistance genes, attention to this bacterium is not substantial. The clinical relevance of SH is still underestimated, and clinical isolates are often characterized as contamination; microbiological diagnostic laboratories will not identify SH to the species level. Therefore, data for SCCmec in SH strains are scarce.
Considering the increasing number of publications delineating the presence of predominant resistant SH clones in the clinical setting [1] [2] [3] , the aim of this study was to classify the structure and nature of SCCmec types among MDR-SH strains isolated from paediatric patients. Since a large number of non-typable SCCmec structures have been reported among CoNS, next-gen sequencing (Illumina and PacBio sequencing) was applied to elucidate the nature of SCCmec andrelated genes.
METHODS Strains
In total, 60 samples were collected (2013-2015) from paediatric patients ( 4 years old) admitted to the Children's Medical Center in Tehran, Iran.
Isolates were identified to the species level using standard biochemical methods [13] , and subsequently the identity was confirmed by thermonuclease (nuc) gene PCR as described previously [14] . The isolates were cultured from blood (33 %) and urine samples (30 %), while remaining isolates (35 %) were collected from other clinical sites (Table S1 , available in the online version of this article).
Ethics committee
This study was approved by the ethics committee of the Children's Medical Center, a teaching hospital of the Tehran University of Medical Science (TUMS), under number 93-02-30-25170. Since the samples were obtained from the microbiology laboratory of the hospital, patients' data were blinded for this study.
Antimicrobial susceptibility testing Susceptibility to antimicrobial agents (cefoxitin, ciprofloxacin, clindamycin, erythromycin, gatifloxacin, gentamicin, linezolid, rifampin, synercid, tetracycline, tigecycline and trimethoprim/sulfamethoxazole) was determined for all isolates using the disc agar diffusion method, and critical breakpoint was interpreted according to the Clinical and Laboratory Standards Institute guidelines [15] .
The MIC of vancomycin and oxacillin (Sigma, St. Louis, MO, USA) was determined using the broth microdilution method as recommended by CLSI [15] guidelines (all MIC tests were performed in triplicate). Multidrug resistance (MDR) was defined as resistance to three or more classes of antibiotics [4, 5] .
DNA extraction
Genomic DNA was extracted from overnight cultures grown on sheep blood agar at 37 C using the UltraClean Microbial DNA Isolation Kit (Mo Bio, USA).
SCCmec typing
The presence of SCCmec related genes was analysed for all isolates even in the absence of the mecA gene. Initially, SCCmec typing was performed using the multiplex PCR scheme described previously by Ito et al. [16] . For isolates in which SCCmec could not be typed by this multiplex PCR strategy, classes of the mec complex and ccr genes were verified by an additional PCR as described previously by Zong et al. [17] . From the isolates in which SCCmec type remained unknown, five with a possible novel structure were selected as candidates for whole-genome sequencing (WGS; Illumina Hiseq2500) to further understand the genetic nature of the SCCmec region.
Based on WGS data (Illumina Hiseq), new primers were designed (listed in Table S2 ) targeting genes of the ccr and mec gene complexes. For confirmation, amplicons were then sequenced using an ABI 3730 sequence analyser (MJ Research PTC-225). Sequences were aligned with Bionumerics software (Applied Math, Kortrijk, Belgium; version 7.1) and similarity searches were performed by BLAST programmes [18] .
PacBio sequencing was performed on one isolate (strain 01) and was used as a matrix for mapping sequences of the other SH strains, in order to determine the exact SCCmec structure.
Genome sequencing and annotation Illumina and Pacbio sequencing were used to map the SH genome as described previously [19] . Sequencing was performed using the paired-end method with the Illumina HiSeq2500 system. A FASTQ sequence file was generated using Illumina Casava pipeline version 1.8.3. The data collected from the PacBio RS instrument were processed and filtered using the SMRT analysis software suite. Continuous long-read (CLR) data were filtered by read length (>35), sub-read length (>35), and read quality (>0.75). The final PacBio read statistic was provided as Enclosure. The quality of the Illumina FASTQ sequences was enhanced by eliminating low-quality bases using the programme bbduk, which is part of the BBMap suite version 34.46. The qualityfiltered sequence reads were assembled into a number of contig sequences. The analysis was performed using ABySS version 1.5.1. The contigs were linked and placed into super-scaffolds based on the alignment of the PacBio CLR reads. Alignment was performed with BLASR. The orientation and order of, as well as the distance between the contigs, were estimated from the alignment. This analysis was performed using SSPACE-Long Read scaffolder version 1.0. The gapped regions within the super scaffolds were (partially) closed in an automated manner using GapFiller version 1.10. The method takes advantage of the insert size between the Illumina paired-end reads.
Genome annotation was performed on the assembled contig and scaffold sequences using the Prokka prokaryotic genome annotation system (Prokka version 1.6).
PATRIC [20] and UniProt [21] databases with allotypes of the relevant SCCmec types were used to complement the annotation. Annotation and sequence-data management were visualized using Geneious software (version 10.3.1) [22] . BLAST [18] was used to determine the accuracy for annotations with a low identity percentage.
MLVF typing MLVF types were defined based on differences among the five loci (L1-L5), and typing was performed as previously described. Isolates with a VNTR pattern difference in no more than one locus were considered the same type [5] .
RESULTS

Antimicrobial susceptibility
The results of antimicrobial susceptibility testing of the SH isolates are outlined in 
SCCmec classification
SCCmec typing results of strains are outlined in Table 2 . No SCCmec type could be identified using multiplex PCR as described by Ito et al. However, using additional PCR according to Zong et al. [17] , SCCmec type V, containing ccrC and mec gene class C, was detected in 14 out of 60 isolates. SCCmec in the other isolates could not be typed by this method.
The application of PCR based on WGS data represented the better view of SCCmec structure and surrounding genes. According to these data, mec gene class C was identified in 46 strains of which 22 harbour the mecC2 gene complex (mecA, DmecR1 truncated by the two copies of IS431 in opposite directions). In 24 strains the orientation of IS431 was the same, and therefore classified as mecC1 gene complex.
The genomes of the remaining strains (n=11) harbouring an unknown mec gene complex carried carried mecA bracketed 
*mec class C2: IS431-mecA-DmecR1-IS431 (two IS431s in opposite directions); class C1: IS431-mecA-DmecR1-IS431 (two IS431s in the same direction). †Type V (Vd)+SCCcad/ars/cop. ‡mecA is bracketed by two copies of IS431 flanked by an 8 bp direct repeat sequence. §SCCcad/ars/cop was distant to the location of mecC2.
by two copies of IS431, which was flanked by an 8 bp (CTTTTTGC) direct-target repeat sequence (DR).
Of 60 isolates, 4 allotypes of ccr genes (ccrC1, ccrC2, ccrA4 and ccrB4) were identified in 18 mecA-positive isolates. For these isolates, Illumina data were mapped to the PacBio sequence (isolate 01) to clarify the exact structure of SCCmec as mentioned above. Gene ccrA4 showed 100 % similarity to ccrA4 in Staphylococcus aureus strain M06/ 0171, and the ccrB4 showed 97 % similarity to SH strain MCS13. Gene ccrC1 exhibited 100 % DNA sequence identity to SH strain NW19A, and ccrC2 exhibited 100 % similarity to ccrC2 in S. aureus strain MS4.
Mapping the PCR results to PacBio sequencing data revealed the presence of a 112 611 bp composite island (CI) in 18 isolates, which consists of a combination of two SCCmec elements Fig. 1(a) . The first SCC region of this CI consists of a new SCCmec type immediately downstream of orfX with similar composition to type Vt (5C2 and 5) in S. aureus (TSGH17, PM1), while no hsd genes coding for type I restriction-modification could be identified. SCCmec was seen in opposite orientation and was therefore designated as a novel subtype of SCCmec type V (Vd) [7] . The second SCC region of the CI is located downstream of the first SCC region and included ccrA4B4, cadmium, arsenic, and copper resistance genes and a type III restriction-modification system which was identified as SCCcad/ars/cop [7] . The presence of a possible SCCmec junction at the 5¢ end of the second SCC region in CI is a result of two separately integrated SCC elements. The complete structure of CI is outlined in Fig. 1(b) .
In isolates containing CI, upstream of the orfX, a plasmid was inserted with IS elements (IS1272 and IS431) which harboured tetracycline resistance (tet K) and bla genes (blaZ/blaR). Full data on the presence of genes in each scaffold related to CI structure are shown in Table S3 .
In eight isolates, the class C2 mec gene complex was present together with SCCcad/ars/cop distant to the mec region.
Three isolates did not harbour the mecA gene, but in one isolate the presence of ccrC was identified (strain 11).
MLVF typing
The results of MLVF typing are outlined in Tables S1  and S4 . Among the five loci studied by MLVF typing, no DNA fragment was observed in locus L5. Variable number of tandem repeat (VNTR) pattern analysis revealed 24 unique patterns and 9 different MLVF types among all SH isolates. The most predominant type (type I) included 43 isolates.
DISCUSSION
SH is among the most frequently identified aetiological factors in hospital-acquired opportunistic infections worldwide [12] . Since the 1980s, an increasing incidence of infections with MDR-SH strains, especially in paediatric hospitals, has been reported [1, 23] . Among CoNS, SH has the greatest tendency to develop resistance to multiple antibiotics and it is usually resistant to methicillin; the incidence of clinical MRSH isolates is greater than 80 %. The mechanism of methicillin resistance determines resistance to all b-lactam antibiotics [1, 2] . An important concern is the fact that MRSH can serve as an antibiotic resistance reservoir and become responsible for transmission of SCCmec to methicillin-susceptible staphylococcal species, such as to the highly virulent S. aureus [12] .
In this study, the majority of MRSH strains (95 %) were identified as MDR. Although all isolates were phenotypically methicillin resistant, no mecA gene was detected in 5 % of the strains. Possible explanations include beta-lactamase hyper-production, alteration in genes encoding other penicillin-binding proteins and the presence of a novel mecA homologue previously described for S. aureus [1, 24] . Various ccr genes have been identified in mecA-negative CoNS strains [7] , and for that reason we analysed the SCCmec structure for all SH strains, including in those isolates without the mecA gene.
We observed a high diversity in SCCmec structure among SH strains, which was confirmed by recent studies [2, 11] .
SCCmec type V has frequently been encountered among SH strains [17] . It was reported by Berglund et al. that horizontal transfer of SCCmec type V from MRSH to methicillinsusceptible S. aureus resulted in an outbreak at a neonatal intensive care unit in Sweden [25] . Valsesia et al. noted that the prevalence of SCCmec types IV and V among hospitalacquired MRSA was 90 % and that SCCmec type III was absent, while traditionally types IV and V are attributed to community-acquired MRSA [26] . In our study, SCCmec type V was determined in 23 % of strains.
The most predominant SCCmec type was CI (new subtype of type V (Vd)+SCCcad/ars/cop). Out of 60 strains, 30 % of the collection harboured CI downstream of the orfX gene.
Martins Simões et al. [27] , reported the predominance of CI (type V SCCmec+SCCcad/ars/cop+ccrA1B3) in Staphylococcus capitis strains responsible for sepsis in neonates. Among our strains, the presence of SCCcad/ars/cop was accompanied by a ccrA4B4 complex and a type III restrictionmodification (RM) system. In spite the similarity of SCCmec to type Vt (5C2 and 5), we designated SCCmec as a new type V subtype (Vd), because the SCCmec direction was inverted and the lack of hsd genes at the junction 1 (J1) region [7] . Hsd genes encode for the type I RM system [28] . The presence of a possible SCCmec junction at the 5¢ end of the second SCC region in CI is a result of two separately integrated SCC elements [7] . To our knowledge, the structure of CI represented by SH strains in this study, together with the presence of RM system type III, was seen for the first time and is reported in our study. Type III RM systems appear to be extremely rare in S. aureus and to date have been identified in only two isolates, KLT6 and 118 [29] .
Considering the crucial role of RM systems in the stability of certain regions of the staphylococcal chromosome, the advantage of carrying different types of RM system on SCCmec needs to be investigated in detail.
Interestingly, among strains with CI, a plasmid containing blaZ and tetK genes was found upstream of orfX connected to the CI. Formerly, this plasmid was described as part of the SCCmec junction regions among staphylococci. The presence of bla regulators may dramatically enhance the expression of b-lactam resistance in MRSA strains with a constitutive mecA expression [30] .
The combination of ccrA4B4 with different mec classes among SH strains was reported in different studies, especially in SCCmec type IV [17] , However, the results of PacBio sequencing showed that SCCcad/ars/cop with ccrA4B4 was located relatively distant to the mecC complex and orfX region in eight strains. The prevalence of SCCcad/ars/cop and associated resistance genes indicates the importance of this element and demonstrates that PCR results may not be sufficiently accurate for the identification of SCCmec types, since ccr genes are frequently scattered throughout the genome and may result in a false SCCmec classification.
Eleven of the mecA-positive SH isolates harboured mecA, surrounded by two copies of genes IS431 and mecRI, and ccr genes were lacking. It has been hypothesized that, during evolution, certain parts of regulatory genes were lost during the transmission of SCCmec. This may result in continuously expression of the mecA gene [31] [32] [33] . In staphylococci, Watanabe et al. previously described IS431 transposase-mediated large-scale deletion in the MRSA chromosome [34] . Zong et al. [32] suggested that the mecA gene, bracketed by two copies of IS431 forming a composite transposon, could be transferred.
Given the fact that the mecC complex (IS431-mecADmecR1-IS431) was the most predominant class in our isolates, perhaps as a result of evolution and adaption to the hospital environment, these isolates lost their regulatory genes and act as a transposon to mediate the movement of mecA into different genomic locations among SH strains or other staphylococcal species [32] .
Although all strains carrying mecA+IS431 were distributed in MLVF type I as the most predominant type, the final result of typing showed no significant correlation between SCCmec class and strain type. Previously, Cvanagh and et al. [5] showed that neither the MLST nor the MLVF schemes are suitable to resolve population structure in S. haemolyticus due to its core genome conservation. In spite of core genome conservation, Watanabe et al. [34] showed that frequent rearrangement in S. haemolyticus can affect the resistance pattern, especially to methicillin and teicoplanin; these changes can be misidentified by conventional typing methods.
Conclusion
In conclusion, our data describe the prevalence of MDR-MRSH strains with a high diversity of SCCmec structures among different wards of a paediatric hospital (Table S1 ). The MDR characteristics, high level of methicillin resistance and wide diversity in SCCmec elements associated with different antimicrobial resistance genes imply that SH must be designated as an important healthcare-associated opportunistic pathogen. Despite the high diversity of SCCmec, the presence of different type V subtypes is remarkable [35] . Considering different reports on transfer of new SCCmec types from MRSH to S. aureus strains resulting in outbreaks in paediatric hospitals, especially among high-risk neonates [11, 25, 36] , the results of this study confirm that SH should be considered clinically relevant. For that reason, SH infections should be diagnosed accurately.
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